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I1

A series of stimulations were designed to
open and propazmo matural fractures known to
exist along a foot horizontal well in Wayne
County, West Virginia. The stimulations were
" also designed to induce fractures in the formation
a8 well as propagate the natural fractures by
manipulating pressure and injection rates. A
number of radioactiive tracers were used to determine
where fractures were opened and propagated at
different injection rates. The tracers were found
in fractures in zones other than the one pumped
into, a fact considered prima facie evidence that
natural fractures with two or more orientations
had been opened and propagated.
and yas sampling of the isolated zones confim
that fracture communication was accomplished along
nearly 1000 feet of borehole by stimulation of
one 400 foot long section. A technigue for inducing
multiple hydraulic  fractures with multiple
orientations was demonstrated.

BACKGROUND

Horizontal wells are drilled to solve
production problems or to improve kLydrocarbon
recovery efficiency from a particular reservoir.
It is believed that the original concept of drilling
horizontal wells was to contact more formation
in 2 vreservoir which was not a particularly
outstanding producer, or which had other production
problems. One of the earliest known attempts
at horizontal drilling in the United States was
that done in the Venango sandstone from a shaft
drilled near Franklin, Pennsylvania in 1944.
The particular problem being addressed was how
to produce the heavy crude o1l which had lost
its solution gas because of the shallow depth
of the formation (less than 500 feet) and thus
was produced at slow rates,

neferences and {llustrations at end of paper.

Pressure testing

Later efforts addressed themselves to tight,
Jow permeability shales and sandstones which were
proiuctive only as a function of the natural
fractures which are conduits for the reservoir
hydrocarbons. The ideal way to improve recovery
efficiency is to increase the total number of natural
fractures which can be connected to a single wellbore
for drainage. Thus the concept of drilling a well
in a particular direction and attaining an inclined
angle (40 to 90 degrees) was a logical means of
1m;‘);gv1ng upon the recovery efficiency of a vertical
wellbore, ‘

A method of 1improving the gas recovery
efficiency of inclined or horizontal wellbore in
2 naturally fractured reservoir is to extend the
geometry and flow capacity of existing fractures
as well as create new induced hydraulic fractures,
This can best be accomplished by stimulating the
natural fractures which exist in the reservoir
by inflating them with a non-damaging fluid and |
propping the inflated fractures to maintain the
enhanced flow capacity and to induce additional
fractures by increasing the injection rate. This
was the technical approach used to stimulate gas
recovery from the Devonian shales in the horizontal
well. This type of operation can be accomplished
quite readily if the right geologic conditicas
can be found. That condition is generally associated
with normal or block faulted areas where multiple
fracture directions are generated in association
with the faulting. Other conditions where multiple
fracture sets are generated are associated with
thrust faulted areas. Several ?eologic settings
were s2lected in Wayse and Lincoln Counties, West
Virginia, which were known to have multiple fracture
sets as a function of the pre-Cambrian rift-type
basement faulting which produced the Rome Trough,
and the test well was drilled in one of them.

Little published 1iterature exists which
discusses the relationship of the orientation of
horfzontal or inclined wells with respect to dgeologic
trends of faulting and fracturing expected to be
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encountered 1in the wellbyre, and their potential
impact on stimulation operations, This 1is one
of the prime purposes of this paper,

INTRODUCTION

The purpose of this paper is to acquaint
the reader with the theory, technical approach,
and the results of a series of hydraulic fracture
stimulation tests which were designed to both
open and propagate natural fractures, and to induce
additional multiple fractures as a preferred method
of enhancing production from a low pressure, low
permeability gas reservoir,

The well was completed utilizing external
casing packers to partition the horizontal wellbore
intn» a number of zones which could be stimulated
separately with treatments which would take into
account tke number and spacing of the natural
fractures in the zone (see. Figure 1). Analysis
of the video camera survey of the wellbore revealed
that there were five fracture sets, three of which
mi?ht be propagated during a stimulation operation,3
This information was used to design a series of
data fracs to obtain information on breakdcwm
pressure, closure pressure, fracture gradient
and stress ratio. The results of the data frac
indicated m‘ltz'lph closure pressure determinations
as suspected.© The frac gradient was determined
to be 0.2F and 0.31 psi/ft, and the stress ratio
to be .20 and .27. This data indicated that the
rock strata in the area of the horizontal well
is nearly stress relieved.

The objective of the tests conducted and
reported on in this paper is to present evidence
supporting our conclusion that two sets of natural
fractures were opened and propagated during
stimulation operations, and
along a third direction controlled by the regional
stress field., Two systems of fracture diagnostics
were used to collect data which would efther confirm
or reject our hypothesis. One *+as a tilt meter
syitem and the other ias the use of radioactive
tracer isotopes in the frac fluids and their
subsequent detection in the near wellbore
environment by the use of the multispectral gamma
ray log. In addition, pressure tests and gas
sample analysis were used t¢ confirm multiple
fracture orientations.

GEOLOGIC SETTING

The test well is located in the west-central
plateau region of the Appalachian Basin (see Figure
2). The rock strata generally exhibit a Tow 1
to 1-1/2 degree dip southeast toward the center
of the Basin, The regional dip is interrupted
by small amplitude anticlines and synclines with
generally less than 300 feet of closure. Faulting
of the basement rocks during pre-Cambrian time
produced a series of normal faults in the area
(Figure 3) which have produced measurable effecti
of the strata as high as the Devonian age rocks.
Superposition of the basement faults on the Lower
Huron™ structure map (Figure 4) shows corresgondence
with major structural features at this horizon,
Structural trends as mapped on the Berea sandstone
found above the target Lower Huron shales and
production trends from the shales show corresponding

fracturing) 1in the area,

induced fractures
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with the trerds of fracturing |nd3 faulting
encountered in the well (Figure 5).° Previous
reservoir charactsrization studies compiled by

Cliffs Minerais, Inc,,° in which oriented cores
vere obtuined For study, show that the dominant
fracture trends are found in a band between N35°E
and N75°E (Figure 6). The trends established from
examination of oriented  cores from the test well
and the examination of the video camera survey
shout good correspondence with trends of basement] .
faulting in the area (Figure 7).

The area 1in the vicinity of the well s
considerubly fractured and faulted from the effects
of the basement faulting in the area, This 1is
believed to be the reason for the low stress ratio
(ratio of vertical stress to minimum horizontal
stress which is an indicator of the ease of
a hypothesis supported
by Advani and Lee, who projected stress ratios
as low as .28 immediately above basement faultg
as a result of their finite element modeling work.
The basement faulting and perhaps episodic movement
along the ftaults has produced wwltiple fracture
trends in the Devonian shales. It is believed
that this faulting is one of the primary reasons
for the large production trends found in the Big
Sandy gas field of eastern Kentucky and southwastern
West Virginia. This gas field has produced nearly
3 trillion cubic feet of gas during the past 50
to 60 years and 1s sti1l under development.

Because of the extensive fracturing, much
gas - has migrated vertically into shailower
formations, producing a low pressured reservoir.
G6as reservoir pressure gradient in the area of
the test well is 0.16, while the gradient for most
Appalachian area reservoirs is 0.30 to 0.36.

HYPOTHESIS FOR FRACTURE GENERATION

Since the area of the horizontal well is
characterized geologically as a tectonically relaxed
area characterized by normal faulting, the
investigators anticipated a low fracture pressure
gradient for stimulations on the well, The authors
further postulated that in the absence of strong
tectonic stresses, it is likely that the multiple|
fracture orientations observed 1in the wellbore
(N37E, N4BE, NS7E, and N67E) are within a 15 degree
angle with the principal stress orientation ?ms
to 52°E) and are likely good conduits for the flow
of natural gas. Natural gas was observed flowing
from fractures oriented both N37°E and N67°E on
the video camera analysis., It seems logical that
fractures which permit gas to flow can be inflated
and propagated, provided it is done 1in a fashicn
which allows the natural fractures which are
subparallel to the principal stress to adjust to
misaligned intensity vectors. The following
hypotheses were consiructed for testing during
tha stimulation operatiuns:

1. When the angle of intersection of a natural
fracture trend with the principal stress
orientation.' is less than 32 degrees and the
ratio between the two horizontal stress
components is less than 2:1, the natural
fractures can be inflated, propagated, and
propped open to enhance flow capacity.




SPE 18249

William K. Overbey, Jr., Albaert B. Yost II, David A. Wilkins . 3

2, Under low stress ratio conditions, the {deal
procedure to inflate natural fractures at
low dihedral angles (less then 32 degrees)

is to inject the frac. fluids at low rates:

and at pressures which would not exceed 200
psi above closure pressure, or the difference
between the boundary unit (above or below)
and test unit stresses.

3. High injection rates and pressures will induce
fractures oriented and controlled by the
regional stress field.

4. Conduciing a stimulution vureatment in two
continuous phases; the first at a Jow injection
rate, and the second at a rate which is two
or more times faster than the first rate
will  produce  multipyoriented  (multiple
hydraulic fractures in a horizontal well
where access to the formation is equal to
open hole conditions).

5. Since there are likely to be more fractures
to be opened and propagated than there is
fluid rate available, the natural flow cagacity
of the fractures will autoselect.the fractures
to take - fluid at any particular time, A

few of the highest permeability fractures
will take fluid d{nitially and then, as
propagation pressure starts to increase,

a new set of fractures will ba autoselected
for injection and propagation and these will
have the next highest flow capacity.

6. As the stimulation treatment proceeds, the
accumul. .fon of fluid pressur: in the system
of natural fractures will prod.ce local changes
in the stress field, causing different sections
:; the berehole to accept flaid at different

mes.

7. The extension of natural fractures with
multiple orientations wiil produce a complex
jnterconnected fracture network which will
be a much more efficient drainage system

for low permeable shale and siltstone
formations than simple parallel multiple
hydraulic fractures induced from a horizontal
wellbore.

Figure 8 presents a plan view of the postulaicd

fracture system that can be generated at the test
well location, which 1s a function of the stress
field and the small dihedral angle natural fracture
sets which exist there.

OVERALL TEST PROCEDURES

The objective of the Recovery Efficiency
Test is to determine the efficiency of hydrocarbon
recovery from a horizontal wellbore encountering
natural fractures, and further to determine the
utility of inducing multiple hydraulic fractureg
to improve recovery efficiency. Yost and Overbey
discussed 1in detai) the key technical 1ssues
addressed by the stimulation experiments and the
overall technical approach used in designing -and
conducting a series of stimulations which examined
the parametere of fluid types, volumes, injection
rates and pressures.

.An  attempt to

A series of 11 tests have bean conducted to
date during the course of 5 stimulations on 4
different zones in the well., A series ¢f different
tests were conducted during 3 stimulations on the
same zone to be able to make direct comparison
of the results of fluid types and injection rates.
;h:l s:ries of tests conducted are presented in
able 1.

The results of the tests were measured in
two ways: (1) collection of pressure build-up
and drawdown data and the use of history matching
with 3-dimensional, dual porosity models to determine
permeability and the amount of improvement over
natural permeability determined before stimulation
testing; (2) the use of radioactive isotope tracers
as fracture diagnostic material - injected during
the stimulation tests to determine how many fractures
were pumped into during the various test~. Spectral .
cgamma - radiation surveys were then run ¢o the well
2 to 27 days aftor stimulation was completed.
use tiltmcters as an additional
diagnostic tool failed because of rugged terrain

and poor surface conditions,

The fracture diagnostic studies conducted
on the speciral gemma logs showed the position
along the wellbore where tracer Taden fluid was
injected back into the formation. By using the

" tracers in the manner we did, we were abla to examine

the effects of various flow rates and pressures
which existed during the treatments.

The test series in Zone 6 was logged by push'lng
the spectral gamma tool in the hole on a coile
tubing unit. Test series 6 and 7 in Zone 1 was
logged with the spectral gamma tool mounted on
the outside of 2-3/8" tubing and a side-door sub
and wet connect system ‘used to make wireline
connections. Test series 8 through 11 were log$ed
by blowing the spectral gamma tool down inside
2-3/8" tubing and then 1logging back out in a
conventional manner. Blowing the tools down is |
the easiest, most cost effective way to collect
fracture diagnostics data. " It is quite difficult
to make measurements with tubing and wireline strings
that seem to correlate any closer than 2 feet,
thus making 1t difficult tv point to a positive
correlation with any degree of certainty that the
natural fracture which 1s within 2 feet of the
location of a fracture indicated by the tracer
study is indeed a natural fracture that has been
inflated. An illustration of this point is shown
in Figure 9 which shows the locations of fractures
indicated by spectral gamma tool versus the location
of fractures located by video camera survey.
Correspondence 1is ~pretty close for some of the
fractures, but off by more than 2 feet for others,

FRACTURE DIAGNOSTICS

Data Frac Test Serias

The first 4 tests on the well were conducted
on Zone 6 (see Figure 1). Zone 6 hud six natural
fractures detected by video camera analysis, mostly
near ECP #6 around 4200 feet., The first two tests
were nitrogeon gas tests in which the P:‘z was injected
at 2500 scf/min or 5000 scf/min, o radiocactive
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tracer was used during the gas injection because
of the problea with bringing the gas back to the
surtace with no residence time 1in the reservoir.
The next 2 tests were Np-foam injected at 5 bpm
and 12 bpm. Since these were aquaceous fluids,
tracers could be used in the treatment. Radioactive
jodine 131 was used to stimulate the re.ervoir
rock. Results of the tracer test in Zone 6 1is
presenied in Figure 10. A comparison of the effects
of generating fractures as a function of rate
is presented in Figure 11, Figure 11A shows the
fractures generated in Zone © and Zone 5 &. low
.injection rates of 5 bbl/minute. Distribution

of the fractures is scattered over 500 feet of |

wellbore even though inJection was through the
port collars at 4290 ¢iet. Apparently several
.of the fractures in Zone 5 propagated away from
the wellbore ntil they intersected a natural
fracture that would ca'ry the ga; back to the
ge'llbore in another zon: such as occurred in Zone

When the injection rate was increased from

5 to 12 barrels/min in test No. 4, new fractures

are induced -beside old fractures. Fluid: from
the new fractures finds its wuy hack to the wellbore
at 4660 in Zome 5, which is 420 feet down the
wellbore (sea Figure 11B). The authors interpret
this data as verification of hypothesis No. 2
in which multiple natural fractures were open
and propagated where they already existed.

Nitrogen Gas Test

Test No. 5 was the injection of a high volume
of nitrogen gas at low rates of 8-16 bbl/min
(2000-5000 - s ft3/min). Radfoactive tracers were
not used on this test and the 8 tilt meters
installed 3 weeks prior to the test could not
be stabiYized to collect useable data. As reported
in Table 2, the authors assumed that many of the
69 observed natural fractures present in Zone
1, the target reservoir, had been pumped into.
Most of the 3745 barrels of nitrogen was pumped
at a rate of less than 10 bpm, a rate low enough

to allow selection of natural fractures for
propagation.
Liquid C0s» Tests

Tests No. 6 and 7 were injections of 1iquid

. C0p at 12 and 20 barrels per minute into Zone
No. 1. Zone 1, which is 419 feet long, has 69
natural fractures available to receive frac fluid.

Jodine 131 was the tracer used during injection
of co;b at 12 bbls per minute (Test No. 6)., The
distributfon of fractures induced, or taking flu.d,
1s shown on Figure 12A, and again at the slower
rates the frac fluid sought out the natural
fractures and these interconnected with other
fractures, distributed over 1000 feet of wellbore.
When the injection rate was increased to 20 bpm,
distribution of the induced fractures was more
concentrated: (Figure 12B).  Fractures induced
during Test No. 7 were generally located in areas
#hich had not been injected into during Test No.
6 (see Figuwe 13).

Since tracer was present in Zones 2, 3, and
4, indicating either the external casing packers
(ECPY failed or the fluid traveled to these zones

. was conducted to Zoiies 2, 3,

via natural fractures orfented at some ongle other
than N52°E, a series ¢f pressure tests were taken
for each zone to determine if all pressures were
2qual, which would be the case if the ECPs had
failed, The results of the pressure tests presen.3d
in Figure 14 show different pressures which is
interpreted tc mean the packers held and the tracer
and 4 by natural
fractures. To further substantiate this fact,
gas samples were taken from each zone after the
pressure test and the “results presented in Figure
15 siiow that Zones 2, 3, 4, and 8 were communicated
with by the CG2 injected 1in Zone 1. The
investigators believed that test series 6 and 7
with the results of fracture diagnostic studies,
reservoir pressure and gas sampling tests rather
sonvincingly established the validity of hypotheses
2’ 3| 4. 5, 6. &nd 7-

Nitrogen Foam with Proppant

Tests 8 and 9 were injected into Zone 1 at
the same low rates of 10 bpm. During Test 8,
antimory 124 tracer was injected with the pad.
Prior to beginning of Test 8, 112 bbls of liquid
£0y was injected as a prepad but was not traced.
It appears likely that the 4800 gallon €Oy prepad
and the 10,000 gallon pad were injectof mostly
in the 10 to 12 fractures located between 5730
ft and 5800 ft where the injection norts are located
{see Figure 16).

During Test 9, sand laden fluid was also
injected in the same fractures to begin with, but
other fri: tures opened up and took fluid and proppant
as shown on the iridium track on the spectral gamma
log. In addition, 7 fractures were generated between
5650 ft and 5675 ft that had not been opened up
before indicating that possibly the sites of fracture
propagation were shifting up and down the wellbore
as the Jjob progressed and stresses built up in
the inflated fractures. Several fractures were
opened up which interconnected with fractures in
Zone 2 as can be seen on Figure 17, Both pad
material and proppant material was transported
into fractures located along the wellbore of Zone
2. Very little tracer material was found in Zone
3 and 4 as a result of this low volume, low rate
stimulation.

With the completion of Tests 8 and 9, a unique
series of stimulation tests were completed in which
3 different fluids (N2, C02, and Np-foam), a gas,
a cryogenic liquid, aud 'a foam were injected at
5 different 1injection rates and pressures.
Bottomhole pressure tests confirmed two and possibly
3 different closure p..essures which the investigators
attributed to fractures with different orientations
withi respect to the stress field. This is likely
she only time 3 different stimulations have been
tonducted in the same interval resulting in inducing
ris)different set of fractures each time (see Figure

Large Volume Nitrogen Foam with a 'Proggant

Tests 10 and 11 are large volume, high rate.
tests in the combined zones of 2-3, and 4, ~ ese
tests were conducted by finjecting 48,000 gallons
of 80 quality foam as a pad at 40 bpm in the case
of Test #10; while 90,000 gallons of sand laden,
80 quality foam was injected at 30 bpm duriv.y Test No.
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11, Scandium 46 was injected as a tracer during
Test 11. No tracer was.used for Test No. 10.
Two hundred twenty-five thousand (225,000) pounds
of sand was injected with the foam. Examination
of the spectral gamma log run after the test reveals
that most of the radioactive traces placed in
the proppant stage (Test 11) was injected in Zone
3 and Zone 4. As shown in Figure 19, most of
the scandium 46 tracer was 1injected in sections
of zones 3 and 4 which has been previously pumped
into during the stimulation on Zone 1 (Test 9)
as indicated by the Iridium 192 tracer,

Tracers were not used in the. pad stage (Test
10) of this job, so we can only speculate about
where the bulk of this material went, Test 10
consisted of 48,000 gallons of 80 Tumty N% foam
pumped at 40 bpm while Test 11 consisted of 90,000
allons of 80. quality foam containing 225,000
bs of 20/40 mesh sand pumped at 30 bpm. It is

believed that most of the pad material was injected -

into the 1intervals between 5000 and 5075 -ft and
5475 and 5600 ft. These intervals show no fractures
indicated by the presence of scandium 46 givin
rise: to the speculaticn that the pad materia
want 1into these zones and ‘then stress loading
of the formation produced a shift in the area
befng treated (see Figure 20) for the balance
of the stimulation. he 54 fractures treated
are concentrated in Zones 3 and 4.

DISCUSSION OF RESULTS

Results of the tests are presented in Table
2 in the form of the number of fractures induced
during the tests and the overall improvement in
production over the natural production rate.

Although the series is not complete at this
time, the data analyzed to. this point tends to
support confirmation of the hypotheses relative
to the propagation of multiple-oriented, multiple
hydraulic fractures. The Jjury 1s still out on
the comparison of the effectiveness of fast versus
slow rates aid high versus low volumes of fluids.

The differences in the distwibution of induced
fractures as diagnosed by the spectral gamma surve
in test serfes 3-4 (Figure 11), 6-7 (Figure 12
and 8-9 (Figure 18) and injection rate would tend
to support hypothesis #2 which says that Tow
pressure-low injection rates in a horizontal
wellbore with open hole access will select natural
fractures for propagation. Distribution of the
fractures propagated seemed more random at low
rates than high rates. High rates of injection
seem to trigger auto selection by the formation
as to spacing and distribution as shown in Figure
20 for the last stimulation.

The tracer studies 1indicate that fewer
fractures (54) were pumped into at high rates
(30 bpm) in the last stimulation than the number
of fractures (69) pumped intc during Test 9 on
Stage 1 which was pumped at the slow rate of 10
: . It is not clear that this would always be

e case, ~

It seems logical that stimulations in
horizontal wells under similar geologic and stress

anmddddame chanld ha alannad a4 $daba asdusnébana

of the  natucal formation  tendencies. The
invasticators believe that the amount of pad volume
could be reduced by 15 to 20 percent of the total
volume used. In addition, 2 rates of injection
should be used; one at 5 to 10 bpm, which would
include pad and proppant treatment, followed by
a second stage of pad and proppant volume injected
at 20 to 25 bpm. In areas where stress ratios
are higher and multiple fracture oriantations are
lacking, then geology will dictate whether two
rates would be advantageous.

As more experience is gained in stimulating
horizontal wells in low stress ratio environments,
it may be possible to interconnact fractures all
along the wellbore by stimulating only specific
intervals with tailored rates and pressures,

CONCLUSIONS:

(1) The series of stimulation tests performed
on the RET #1 well in Wayne County, West Virginia,
in the Devonian shale formation and the fracture
diagnostics conducted provide conclusive evidence
that multipie hydraulic fractures were induced
during each pumping event.

(2) Radicactive {sotopes can be used effectively
to trace flow paths to adjacent zones. The isotopes
could not have appeared in these 2ones without
traveling back to the wellbore via fractures of
an orientation considerably different than that
of the principal stress orientation.

(3) The distribution of fluid entry points
determined from tracer logs indicate that natural
fractures will be selected at low injection rates
(5-10 bpm) while induced fractures will be selected
at high injection rates (greater than 25 bpm).

(4) Pressure testing and gas sampling data
correlated well with the presence of tracer material
in  adjacent zones which  demonstrate that
multiple-oriented hydraulic fractures had been
generated and. connected along the wellbore.

(5) The use of multiple radicactive isotopes in
conducting multiple injection tests to obtain data
for stimulation design proved very beneficial in
understanding natural versus induced preferred
fl.1d paths.

(6) Multiple-oriented multiple hydraulic fractures
can be induced from a horizontal wellboie under
openhole wellbore conditions where the natural
and induced fracture orientations are *15°,
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Table 1
Summary of Stimulation Test Series
Conducted on RET No. 1 Well

Frac

TestNo. Zone Fluid Rate Volume Diagnostics

1 6 Ny (Gas) 5 BFM 37 MCF None

2 6 N, (Gas) 15 BPM 212 MCF None

3 6 N2- Foam 5 BPM 100 BBLS lodine 131

4 6 N, - Foam 12 BPM 300 BBLS Scandium, 46

§ 1 N, (Gas) ~ 8-16 BPM 3745 BBLS Tiit Meveis

6 1 CO; (Lig) 12 BPM 200 BBLS lodine 131

7 1 CO, (Lig) 20 BPM 400 BBLS Scandium 46

8 1 N, - Foam 10 BPM 166 BBLS Antimony 124

9 1 N, - Foam 10 BPM 595 BBLS Iridium 182

10 23,4 N, - Foam 40 BPM 805 BBELS None

1 23,4 N, - Foam 30 8PM 2142 BBLS Scandium 48

_ Table 2
Summary of Resuits of Stimulation Tests
to Inject into Old Fractures or Create New Ones

Test ' rm Production
Number 2one Detected Fractures Pumped Into Improvement

1 [ ] [ ] 3 (Assumed not measured} 4.1

2 [ 1 [ ] 8 (Assumed not measured) 4.1

3 [} [ 14 41

4 6 6 1" R

5 1 69 12 (Based on Test 6 results) 5.0

8 1 (1] 27 (Over 4 zones: 1, 2, 3, 4) 25.0

7 1 69 67 (Over 4 zones: 1,2, 3, 4) 25.0

8 1 8 17 (Over 3zones: 1, 2, 3) 15.5

9 1 69 68 (Over4zones: 1,2, 3, 4) 188

10 2:3,4 72 Not deteimined (N.D)

1" 23,4 72 54 (Over 320n08: 2, 3, 4) (N.D)

Completion Configuration
External Casing Packer
8-5/8" Casing .
ot 3809

Cement Packer 4-1/2" Casing

at 6014’

Port Collar

7-7/8" Casing

10-8/8" Hole 10 €020

to 3827




SPE 18249




w
)
m
b
-
N
&
Q

VINVATASNNEd

ﬂ\.l/(/&

Mg. S--Frashure tronds estabiished Sem Dyvenian shale sslsnted core stadies.

Rose Diagzam
of Basement Faulting Trends
N

Fig. $—Locsl shuctumi siowenis near the hevisantel well.

Rose Disgram
of Video Log Fraciures
N

"

e 7-



| | SEE 18249

NATURAL FRACTURES ~Zem——— NIT°E

INDUCED FRACTURES == NAS-82°E
g 0-~Disgrom Huokraiing Intersennootion of smelt Sinedral angle freviures.

A= ALY

% T T m : T induosd
: Zwm b & 111 |Fractures

Fig. $-—-Nelationohip of notin ol fraviurse 10 indused fractures,

j\ SCANDIUM

#- _ ;btl b:q""’hq: ~
} \\‘ I0DINE
\u A ° H
2 3 3
Db L
T e B T H oms
B T
3 l.
-y Il J \\ f“"‘v- A ~

Pig. 10--8posteal gamma log reepanss from dual rate foam injostion test.



12 bbi/min Injsction Rate, lodine - 131 Tracer
MATURAL FRACTUNES

|- L Ju.
EI E. H INDUCED FRAcTones &3
= T | ' ™
H H s H
N - ° -
< Z0NES - 0N ¢ -
§ bbimin Injection Rate, Scandium - 46 Tracer
§ L 1 I h
H NOUCED PRACTMES A
T T L d
ZONE ¢ DATA TEST
CLOSURE PRESSURES, 850 & 1050 peig .
g, Vi==induond rasture spteing o0 & funstion of foam injestion rete in Zonee § ond 8.
12 bbi/min Injection Mste, lodine - 131 Tracer
1 i 1 1 1 o
O]
{]
()
T A T T Y 1
[ 3 o [} [ [ J (-3
g : : : g :
® zones ° z0NE3 ®  zoneg ZONE 1

20 bbi/min Injection Wate, Soandium - 48 Tracer

| | lr—l | IM m |
T Ll ' 1 Ll i

ZONE 1 LIQUID CO2 STIMULA'ION
CLOSURE PRESSURES, 825 & 820 paig
Fig. 12=inuood fraeture spasing o6 3 funetion of Hiuld CO, injestion rive,

SPE 18249



SPE 1824

|

.,.;_{_,_e_{\_ﬁL :mc;: T T T
PR Lok

_
Fig. .ulagl‘lsiiglln!;;igig'ngﬂ
injection rate.




Welkhead Pressure, PSIG

Zone by Zone One Hour Pressure Bulid-up Test
Ret No. 1 - Wayne County, West Virginia
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Flg. 20—Distribution of induced fractures from high-rate/high-volume foam frac.




